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the extent of the works implemented was documented, and potential for further improvements 
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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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a building for human comfort and wellbeing whereas infiltration is uncontrolled inadvertent ‘leakage’ that can 
negatively impact on building performance.  Measurements of building permeability focus on this leakage. 
 
Nomenclature 
ACH50 Air permeability expressed as air changes per hour at 50 Pascal’s of pressure 
BCA  Building Code of Australia  
LAHC New South Wales Land and Housing Corporation 
 
The most well-established air tightness measurement technique is the fan pressurisation or ‘blower door’ method. 
This method requires creating a pressure difference across a building envelope, measuring the pressure, and the 
resulting air flow. This method uses: a fan temporarily installed in the building envelope to create pressure (often a 
temporary panel installed in a doorway), a manometer measuring pressure difference (usually a digital manometer 
integrating control of the fan), and flow measurement equipment (typically the fan itself is calibrated). 
Measurements of flow are taken at a number of pressures and the results are used to find a numerical relationship. 
This relationship is often expressed as air changes per hour, defined as the measured flow rate at 50 Pascals pressure 
divided by the building volume; equivalently this is the number of times the building volume is turned over at a test 
pressure of 50 pascals (ACH50 or ACH @ 50Pa). 
 
Within the residential international context, several studies have demonstrated that building performance in terms 
of energy consumption [1,2] and  air quality [1,3,4, 5] are significantly affected by infiltration rate.  A Finnish study 
[4] revealed via energy modelling simulations that 15% to 30% of the heating use in a typical Finnish detached 
house was due to infiltration. Chan, Joh and Sherman [3] underlined that ‘drafty’ homes use more energy to 
condition and are more uncomfortable to live in. In contrast very air-tight dwellings have improved comfort and 
energy efficiency but may require mechanical ventilation to keep acceptable indoor air quality. 
 
Linkages between air permeability and building performance have been made in the Australian context, 
Sustainability Victoria [2] conducted an on-ground energy efficiency assessment, including audits and fan 
pressurisation tests on 15 existing homes in Melbourne.  Thereafter, the house characteristics and experimental air 
tightness values were used in a building thermal performance simulation tool to model the impact of sealing 
upgrades on the energy consumption. Simulation results showed that draught sealing improved performance with 
payback periods under ten years for most of the 15 dwellings [2].  
 
While linkage between air permeability and residential building performance has been long established 
internationally (more recently so in Australia), there have only been a small number of air permeability test results 
of Australian residential buildings published. A study by Ambrose [6] of 129 homes across Australian capital cities 
constructed after 2012 found an average permeability of 15.4 ACH@50Pa.  Biggs [7] measured 32 homes in NSW 
and Victoria built from 1956 to 1986 and found an average permeability of 26.3 ACH50. In a study of 15 homes 
built between 1900 and 1980 in Victoria, Moreland [2] found an average permeability of  29.1 ACH50.  The average  
envelope permeability found in all of these studies is considered high by international standards [10,11] and 
accordingly offers the opportunity to improve residential building efficiency in Australia. 
 
Within the literature reviewed some attempts were made to relate leakage paths with permeability. Ambrose [6]  
attempted to correlate visual inspection of weather sealing with blower door test results on new homes. Biggs [7] 
used an experimental test room to attempt to measure leakage from certain building components and Moreland [2] 
simulated the impact of an estimated change in air permeability on building performance. None of these studies 
however sought to identify typical leakage paths in Australian residential buildings and measure their relative 
impact, nor did any assess the effect of common draught proofing measures.  As this information is needed to assess 
the opportunity and relative value of draught sealing measures, this represents a gap in the published literature. 
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An opportunity to address this gap came from a draught sealing pilot program run by the New South Wales Land 
& Housing Corporation (LAHC). The LAHC is part of the New South Wales Government. It owns and is 
responsible for the management of the State’s portfolio of some 144,000 social housing dwellings [8]. The program 
intended to assess the effectiveness of draught sealing measures installed on selected houses in cold climate regions 
to determine the impact on tenant energy bills and thermal comfort. 
 
In order to evaluate the impact of these measures on permeability the LAHC and the University of Wollongong 
tested the air tightness of a selection of buildings in the pilot program. These tests were undertaken before and after 
the installation of draught sealing measures to determine their impact on permeability, and therefore,  potential for a 
subsequent effect on energy and thermal comfort. Within Australia no regulations or specific provisions for air 
tightness in buildings exist in the Building Code of Australia (BCA) [9]. Based upon international recommendations 
a pragmatic benchmark for residential air permeability is between 5 and 10 ACH50 [10,11], this was used as a basis 
for comparison for permeability measurements. 
2. Methodology 
The LAHC pilot program was intended to assess the effectiveness of two simple draught sealing measures:  door 
bottoms seals on up to two external doors, and window seals on up to eight external windows; the placement of 
which was restricted to bedroom, living and dining areas. Utility areas (kitchen, bathroom and laundry) were 
excluded from the program. 
 
The blower door testing was undertaken on four buildings these are described in Table 1 and shown in Figures 1 
and 2, each was tested on two separate days before and after installation of draught seals. The testing before 
installation of draught sealing measures also identified and quantified a number of other leaks due to building faults. 
Maintenance remediation was carried out on some of these leaks, the impact of which was assessed along with the 
door and window seals. 
 
In simple terms the blower door testing was carried out in three stages to determine: how much the overall 
building leaked, where specifically it leaked from, and how big each of these leaks was. The first stage was to use a 
blower door (Figure 3a) to test to ISO 9972 Method A to determine an overall envelope permeability value of the 
building ‘in use’ [12].  Within this method the bathroom and toilet extract fans were not sealed as part of testing 
because these were viewed as part of the envelope in normal use. The second stage identified the major leakage 
paths through the envelope using a two techniques: using a large value of depressurisation (typically 50 Pa) and 
locating leaking air by feel or visually with a small ribbon, or using a low value of pressurisation (10 Pa) and 
locating leaks visually using a smoke puffer (Figure 3b). The final stage of testing was to progressively seal the 
leaks identified and measure the change in air flow at a given pressure set point. For each leak, the blower door was 
set to maintain 50 Pa pressure set point and the flow measured, the suspected leak was sealed and the blower door 
allowed to settle again to the 50 Pa set point, after which the new flow rate was measured and the flow difference 
calculated and attributed to the leak sealed. 
     Table 1. Test Subjects. 
Test 
Subject 
Subject Locale BCA [9] Climate 
Zone 
Bedrooms Construction Type Approx. 
Year Built 
Window Type 
A Goulburn NSW 7 -  Cool temperate 4 Single story 
weatherboard 
1976 Top hung casement 
B Queanbeyan NSW 7 -  Cool temperate 4 Single story brick 
veneer 
1980 Top hung casement 
C Queanbeyan NSW 7 -  Cool temperate 3 Brick veneer & 
weatherboard 
1970 Side hung casement 
D Queanbeyan NSW 7 -  Cool temperate 2 Weatherboard 1959 Single hung vertical sliding 
4 McLauchlan et al. / Energy Procedia 00 (2017) 000–000 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Test Subject A; (b) Test Subject B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Test Subject C; (b) Test Subject D. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Blower Door Test Setup; (b) Leak Detection Using a Smoke Puffer. 
3. Results 
Of the four buildings tested all four were found to have door bottom seals installed prior to the pilot program 
works. Draught seals were applied to eight windows of each of the buildings, these were either wooden casement 
windows (shown in Figure 4a) or wooden double hung windows (Figure 4b). There were also what appeared to be 
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improvised seals (Figure 4c) around some windows which would indicate that the building occupants perceived 
draughts as a problem. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Seals on a casement window; (b) Seals on a single hung window; (c) Improvised seals. 
The results of the first stage of testing for envelope permeability before and after draught sealing are shown in Table 
2. Prior to draught sealing and remediation testing found an average air permeability of 20.6 ACH50, this improved 
to an average of 17.1 ACH 50 after draught sealing and remediation. 
 
Table 2. Permeability Test Results in ACH50 
Property 
Subject A  Subject B  Subject C  Subject D  Average 
Measured Original Structure   20.8  18.4  14.3  28.8  20.6 
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The results of the second and third stage of testing are shown in Table 3, this lists the major leakage sources found 
in each building tested and their relative magnitude. Examples of these leaks are shown in Figures 5 and 6. Table 2 
summarises the estimated impact of addressing these on the overall envelope permeability on the four test subjects. 
Table 3. Major leakage sources in ACH50 
Property 
Improvement Type Subject A Subject B Subject C Subject D Average 
Fixing simple construction defects 4.1 4.1
Draught sealing implemented to 8 Casement type windows  as part 
of the pilot program 2.4 3 5.0 3.5 
Extraction Fan (Bathroom and/or toilet) 6 1.6 3 1.9 3.1 
Estimated Impact of sealing  casement windows excluded from pilot 
program 2.4 2.6 3.7 2.9
Fixed Vents  bath 0.75 1.2 1.0
Fixed Wall Vents (excluding bath) 1.3 0.6 0.7 0.9 
Roof Access covers 0.8 0.9 0.35 0.7
Draught sealing implemented to 8  Single Hung vertical sliding type 
windows  as part of the pilot program 0.6 0.6 
Estimated Impact of sealing single hung windows excluded from 
pilot program. 0.45 0.5 
All measurements in Air Changes per Hour at 50 Pa 
Fig. 5. (a) Construction defect in kitchen joinery;  (b) Construction defect between window assembly and wall.
Fig. 6. (a) Extraction fan;        (b) Wall Vent.
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improvised seals (Figure 4c) around some windows which would indicate that the building occupants perceived 
draughts as a problem. 
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4. Discussion
Compared to international benchmarks the four structures tested initially had very high air permeability, on
average 20.6 ACH50, which is similar to the values found in the literature. The average permeability of the 
structures was improved to 17.1 ACH50 by draught seals on the windows and maintenance remediation in one case. 
However for energy efficiency an ACH50 value of 17.1 is still considered to be poor and further works are 
recommended to improve the structures air permeability to within a recommended range of between 7 and 10 
ACH50 [11].  
The largest leakage source found were two simple construction defects on subject D; the first showing in Figure 
5b was a gap between the wall structure and the frames around the window assemblies that had not been sealed. 
Typically it is expected that this joint would be caulked or otherwise sealed. The second shown in Figure 5a was a 
large gap left in the kitchen joinery in the refrigerator alcove, that again should have been sealed with timber. 
The next source of leakage identified was from the 8 casement style windows that were successfully draught 
sealed, the improvement in permeability ranged from 2.4 to 5.0 ACH50. Interestingly it was found that the effect of 
draught proofing varied between window types; casement windows were significantly improved whereas single 
hung vertical sliding windows showed little improvement. This appeared to be due to the fundamental design of the 
window mechanism required to allow the window to open and close that left large gaps that were difficult to seal. 
It was found on all four buildings tested that the bathroom and toilet extraction fans were a significant source of 
leakage, with an effect ranging from 1.6 to 6.0 ACH50 of leakage. The magnitude of this leakage source was large 
enough to prompt LAHC staff to source a self sealing fan casing for trial to address this problem (figure 7b). The 
unit greatly improved air permeability and effectively eliminated leakage from extraction fans. 
Fig. 7. (a) Self sealing fan casing (‘Draft Stpoppa’);   (b) Major leakage path on a single hung window. 
There were a number of features tested in the homes all of which appeared to be intended to provide some sort of 
fixed ventilation that contributed between 0.35 and 1.2 ACH50 of permeability. These included wall vents, vents on 
bath tubs and perforated roof access covers. 
Overall during testing potential improvements beyond those executed in the pilot program were identified that could 
reduce the average permeability of the structures by 7.3 ACH50 on average.  These were all viewed as relatively 
low cost and pragmatic and collectively would improve the average permeability of all the structures to 9.8 ACH50 
within the recommended benchmark range. On an individual basis these improvements would bring the individual 
structures near to or within the recommended range. 
The major 
flow path 
through the 
window is 
down the 
runner 
behind the 
sliding part 
of the 
window. 
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The value of the blower door as a maintenance and construction diagnostic was evident during testing as many of 
the leaks identified shared some important attributes: They were not immediately apparent to a visual inspection,  
once located the leakage path was readily understood, the magnitude of the leak was not readily apparent with only a 
visual inspection, they leaks were relatively easy to fix. That is many of the leaks that could only be identified with 
the blower door would be cheap to fix and have a significant impact on the building operational performance. 
 
5. Conclusion 
The leak sealing pilot program was effective in reducing air permeability in the structures assessed and is expected 
to improve energy consumption and thermal comfort within the dwellings; Sealing the casement windows was 
particularly effective.  
 
While the measured air permeability of the four structures measured was poor by international standards a number 
of further pragmatic improvements were identified and investigated that could bring the permeability close to or 
within the recommended range, and are expected to commensurately improve building performance. 
 
 
Acknowledgements 
The authors gratefully acknowledge the hard work of the LAHC in this program and their assistance in carrying 
out the investigative work presented here. 
 
 
6. References 
 [1] Jokisalo, J., Kurnitski, J., Korpi, M., Kalamees, T., & Vinha, J. (2009). Building leakage, infiltration, and energy performance analyses for 
Finnish detached houses. Building and Environment, 44(2), 377–387. 
[2] Moreland Energy Foundation Limited. (2010). On-Ground Assessment of the Energy Efficiency Potential of Victorian Homes. Prepared by 
Moreland Energy Foundation Limited for Sustainability Victoria -. Melbourne. 
[3] Chan, W. R., Joh, J., & Sherman, M. H. (2013). Analysis of air leakage measurements of US houses. Energy and Buildings, 66, 616–625. 
http://doi.org/10.1016/j.enbuild.2013.07.047 
[4] Kukadia, V., Liddament, M., Gupta, A., Upton, S., Chan, P., Garvin, S., & Reid, J. (2012). The effect that increasing air-tightness may have 
on air quality within dwellings. Livingston 
[5] Sherman, M. H., & Chan, R. (2004). Building Airtightness : Research and Practice. Buildings, 1–46 
[6] Ambrose MD and Syme M (2015). House Energy Efficiency Inspections Project – Final Report. CSIRO, Australia. 
[7] Biggs, K. L., Bennie, I., & Michell, D. (1986). Air permeability of some Australian houses. Building and Environment, 21(2), 89-96 
[8] Housing NSW. (n.d.). About Us. Retrieved 08 29, 2012, from Family & Community Services: 
http://www.housing.nsw.gov.au/About+Us/About+Us.htm 
[9] Australian Building Codes Board. Building code of Australia. CCH Australia, 2010. 
[10] Sherman, M. (1998). The Use of Blower Door Data. Berkely: Energy Perfromance of Buildings Group - Lawrence Berkely Laboratory 
[11] Retrtrotec Inc. (2014) Testing procedures Residential Pressure and Air Leakage, United States.  
[12] ISO 9972. (2005). Thermal performance of buildings — Determination of air permeability of buildings — Fan pressurization method. 
Geneva. 
 
  
 
 Craig McLauchlan  et al. / Energy Procedia 121 (2017) 18–25 25McLauchlan et al. / Energy Procedia 00 (2017) 000–000   7 
4. Discussion
Compared to international benchmarks the four structures tested initially had very high air permeability, on
average 20.6 ACH50, which is similar to the values found in the literature. The average permeability of the 
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5b was a gap between the wall structure and the frames around the window assemblies that had not been sealed. 
Typically it is expected that this joint would be caulked or otherwise sealed. The second shown in Figure 5a was a 
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